Introduction
Acute kidney injury (AKI) is generally characterized by a rapid decline in renal function due to a variety of causes (1) . AKI is a common illness with an incidence rate of 2-12% among general inpatients (2, 3) , and an incidence of up to 30% among critically ill patients (4) . AKI not only affects patient survival, but also increases the incidence of long-term cardiovascular events and the likelihood of developing end-stage renal diseases (3, 5) . Sepsis is an important cause of AKI, and 29.6-32.4% of AKI cases are associated with sepsis (6, 7) . Recently, the incidence rate of sepsis-associated AKI (SA-AKI) has increased, and the mortality rate remains high (8, 9) ; thus, the prevention and control of SA-AKI is a major challenge for nephrology and critical care medicine.
Previous studies have identified necroptosis as a regulated form of necrosis that participates in AKI caused by multiple factors (10) (11) (12) . However, necrostatin-1 (Nec-1) has been reported to reduce the necroptosis of renal tubular epithelial cells by inhibiting the kinase activity of receptor-interacting protein-1 (RIP-1), thereby protecting against ischemia-reperfusion-induced or cisplatin-induced AKI (10, 11) . However, the pathophysiology of SA-AKI differs from that of these previous AKI models, as no significant necrosis of renal tubular epithelial cells is observed in SA-AKI (13) . This indicates that necroptosis may not contribute to the development of SA-AKI, and thus the protective effective of Nec-1 in SA-AKI remains unclear. Autophagy is a highly conserved physiological mechanism that enables cells to maintain their normal activities (14) . In cases of nutrient starvation, cells transport cytoplasmic substances from autophagosomes into lysosomes in order to synthesize essential energy compounds and nutrients, while in cases of intracellular damage, injured mitochondria and endoplasmic reticulum can be transported into lysosomes in order to remove the damaged organelles (14) . Previous studies have reported that the promotion of autophagy may reduce renal damage caused by SA-AKI (15) (16) (17) . Additionally, we previously reported that Nec-1 reduced necroptosis in renal tubular epithelial cells and also affected the levels of the autophagy marker microtubule associated protein 1 light chain 3 (LC3)-II (18) . In the present study, a model of SA-AKI was established in mice to observe the influence of Nec-1 on the autophagy of renal epithelial cells, with the aim of evaluating the protective effect of Nec-1 against kidney damage, and of determining whether Nec-1 can attenuate SA-AKI by affecting autophagy.
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Materials and methods
Experimental animals and grouping.
A total of 12 C57BL/6 mice (weight 18-22 g, aged 8-10 weeks) were purchased from the Experimental Animal Center of Southern Medical University (Guangzhou, China), and were housed in the Experimental Animal Center of Sun Yat-sen University, Zhongshan School of Medicine (Guangzhou, China). The mice were maintained under a 12-h light-dark cycle in an atmosphere of 0.03% CO 2 at 24˚C and received food and water ad libitum prior to use in experiments. All animal experiments were approved by the Research Ethics Committee at Guangdong General Hospital (Guangzhou, China). The 12 mice were randomly assigned into the following three groups (n=4 per group): i) Control group, in which mice were intraperitoneally injected with saline; ii) a sepsis group, in which mice were intraperitoneally injected with lipopolysaccharide (LPS; 10 mg/kg); and iii) a sepsis + Nec-1 pretreatment group, in which mice were intraperitoneally injected with Nec-1 (1.65 mg/kg) and then with LPS (10 mg/kg) 15 min later. All mice were observed for 18 h after LPS/saline treatment, after which the mice were euthanized. Blood was then isolated by inferior vena cava puncture and the kidneys were harvested.
Detection of renal function. Renal function was determined by assaying the serum for blood urea nitrogen (BUN) and serum creatinine (SCr) using a QuantiChrom™ Urea Assay kit and QuantiChrom™ Creatinine Assay kit (BioAssay Systems, Hayward, CA, USA), respectively.
Western blot analysis. Renal tissues from the mice in the different experimental groups were lysed in RIPA lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China). The total protein concentration of the resultant supernatant was determined with a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Samples containing equal protein content (30 µg) were subjected to SDS-PAGE using 8-15% gels according to the molecular weight of different proteins, and the separated proteins were transferred to polyvinylidene difluoride membranes. The membranes were blocked with 3% bovine serum albumin (Beyotime Institute of Biotechnology) in TBS-Tween for 1 h at room temperature and then incubated overnight at 4˚C with anti-β-actin antibody (1:1,000; cat. no. 8457; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-LC3A/B antibody (1:1,000; cat. no. 4108; Cell Signaling Technology, Inc.) and anti-p62 antibody (1:1,000; cat. no. 5114; Cell Signaling Technology, Inc.). After washing in TBS, the blots were incubated with horseradish peroxidase-conjugated goat anti-rabbit antibody (cat. no. 7074; Cell Signaling Technology, Inc.) for 1 h at room temperature. Following a final wash with TBS, the specifically bound secondary antibodies were visualized with enhanced Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific, Inc.). Signals were quantified using a chemiluminescence detector and the accompanying densitometric software (Tanon Science and Technology Co., Ltd., Shanghai, China).
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from the isolated kidney tissues using TRIzol reagent according to the manufacturer's instructions (Thermo Fisher Scientific, Inc.). Total RNA (500 ng) was subjected to reverse transcription using a PrimeScript RT Reagent kit (Perfect Real Time; Takara Biotechnology Co., Ltd., Dalian, China). The resulting cDNA was used for qPCR analysis using SYBR Premix Ex Taq (Perfect Real Time; Takara Biotechnology Co., Ltd.). Following 1 min denaturation at 95˚C; amplification was performed for 40 cycles, including 95˚C for 5 sec and 60˚C for 25 sec. The levels of target mRNA were determined using the comparative cycle threshold method of relative quantitation. GAPDH was used as an internal control (19) . The primer sequences used are presented in Table I .
Periodic acid-Schiff (PAS) staining of renal tissues.
Renal tissues were fixed with 10% formalin at room temperature for 2 h. Formalin-fixed paraffin-embedded kidney tissues were sectioned at a thickness of 4 µm. The sections from all specimens were batch-stained with 1% periodic acid for 15 min and Schiff reagent for 30 min at room temperature.
Electron microscopy. Renal tissues were fixed at 4˚C in a fixing solution containing 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) overnight. Samples were rinsed in 0.1 M cacodylate buffer, post-fixed in 1% osmium tetroxide for 2 h, and then washed in 0.1 M cacodylate buffer. The samples were dehydrated in a graded series of ethanol (50, 70, 80, 90 and 100%) and 100% propylene oxide, and then embedded in resin (Epon 812) for 12 h. Ultra-thin sections (60-70 nm) were counterstained with 2% uranyl acetate for 5 min and lead citrate for 10 min. A transmission electron microscope (JEM-100CX; JEOL Ltd., Tokyo, Japan) was used to observe and capture images of the kidney tissue ultrastructure.
Statistical analysis. All values are expressed as the mean ± standard deviation. Multiple comparisons among the groups were conducted by one way analysis of variance followed by a least significant difference multiple comparison test. All statistical analyses were performed using SPSS software (v21.0; IBM Corp., Armonk, NY, USA), and P<0.05 was considered to indicate a statistically significant difference.
Results
Nec-1 attenuates SA-AKI. After 18 h of intervention with LPS, when compared with the control group, LPS-treated mice had significantly higher levels of SCr (LPS group 30.08±4.18 µmol/l vs. control group 9.80±1.84 µmol/l; P<0.001) and BUN (LPS group 32.54±5.46 mmol/l vs. control group 13.87±4.83 mmol/l; P<0.001; Fig. 1 ). This indicated that the mice had developed AKI following the LPS injection. Compared with the LPS group, mice pretreated with Nec-1 had significantly lower levels of SCr (LPS + Nec-1 group 11.50±1.67 µmol/l vs. LPS group 30.08±4.18 µmol/l; P<0.001) and BUN (LPS + Nec-1 group 14.15±4.14 mmol/l vs. LPS group 32.54±5.46 mmol/l; P<0.001), and no significant differences in SCr and BUN levels were identified between the LPS + Nec-1 and control groups (Fig. 1) , indicating that Nec-1 may serve a role in protecting renal function from the effects of sepsis in mice.
Nec-1 does not attenuate SA-AKI by reducing cell necrosis.
Although the renal tissues of mice injected with LPS exhibited local vacuolar degeneration, renal tubular epithelial cell necrosis and apoptosis were not obvious upon assessment of tissue morphology (Fig. 2) . This result suggested that the protective effect of Nec-1 against AKI was not achieved through the suppression of renal tubular epithelial cell necrosis.
Disrupted autophagosome elimination occurs during SA-AKI.
As a marker protein of autophagosomes, LC3-II can be used to identify changes in cell autophagy; when the number of autophagosomes increases, the level of LC3-II rises. Additionally, when fusion events between autophagosomes and lysosomes are disrupted, the clearance of autophagosomes cannot be completed, and thus the level of LC3-II increases (14) . As a substrate of autophagy, the level of p62 increases markedly when autophagy is reduced (14) . Thus, we performed RT-qPCR and western blotting to detect the mRNA and protein levels of LC3 and p62 in renal tissues (Fig. 3) . The results showed that in mice with SA-AKI, the protein levels of LC3-II and p62 were significantly higher than those in control mice (Fig. 3A-D) ; however, the LC3-II and p62 mRNA levels did not differ significantly from those in the controls (Fig. 3E  and F) . These results indicated that the increases in LC3-II and p62 may not be caused by increased synthesis, but rather by disrupted autophagosome elimination. Thus, we speculate that disrupted autophagosome elimination might be a manifestation of SA-AKI.
Electron microscopy was subsequently performed to determine whether autophagosome elimination occurred in renal tubular epithelial cells during SA-AKI. Autophagosomes are vacuolar structures bordered by double layer membranes that can sequester cellular contents. Autophagosomes fuse with lysosomes to form autolysosomes, upon which the inner membrane of the autophagosome and the cytoplasm-derived materials contained in the autophagosome are degraded. Thus, autolysosomes may be identified by electron microscopy as vacuolar structures with monolayer membranes containing degraded cytoplasmic components and organelles (20) . In the present study, it was observed by electron microscopy that no apparent autophagosomes were formed in the renal epithelial cells of the control group, whereas many autophagosomes, but not autolysosomes, were observed in the renal epithelial cells of mice with SA-AKI (Fig. 4) . This is consistent with the expected features of disrupted autophagosome elimination.
Nec-1 promotes autophagosome elimination during SA-AKI.
In mice pretreated with Nec-1, the protein levels of both LC3-II and p62 were significantly decreased when compared with those in mice injected with LPS only (Fig. 3A-D) ; however, the mRNA levels of LC3-II and p62 did not differ significantly between the two groups ( Fig. 3E and F) . Additionally, electron microscopy identified both autophagosomes and autolysosomes in the renal epithelial cells of Nec-1-pretreated mice (Fig. 4) , indicating that Nec-1 may promote autophagosome elimination during SA-AKI.
Discussion
Sepsis is a major cause of AKI and, due to a lack of effective prevention and treatment methods, the incidence and mortality rates of SA-AKI remain high at present (8, 9) . Thus, it is Table I . Primers for reverse transcription-quantitative polymerase chain reaction.
Gene
Forward Reverse
LC3, microtubule associated protein 1 light chain 3. necessary to investigate the mechanisms underlying the development and progression of SA-AKI, and to identify effective prevention and treatment measures.
Necroptosis, a regulated form of cell necrosis, is involved in ischemia-reperfusion-induced or cisplatin-induced AKI (10, 11) . Two serine/threonine kinases, RIP-1 and RIP-3, mediate necroptosis through their kinase activity (21, 22) . Nec-1 reduces necroptosis by inhibiting the kinase activity of RIP-1 (21, 23) . Previous studies have revealed that Nec-1 may be capable of alleviating ischemia-reperfusion-and cisplatin-induced AKI by decreasing the necrosis of renal tubular epithelial cells (10-12). However, due to its differing etiology, SA-AKI does not show significant necrosis of renal epithelial cells, and thus the protective effect of Nec-1 in SA-AKI remains undetermined.
Our study found that, following Nec-1 pretreatment, mice injected with LPS had significantly lower levels of SCr and BUN, indicating that Nec-1 alleviated SA-AKI. Meanwhile, no obvious necrosis was observed in the renal epithelial cells of SA-AKI mice, which was consistent with previous results (13) . This indicated that Nec-1 did not attenuate SA-AKI by inhibiting necroptosis, and thus the mechanism by which Nec-1 functions to protect SA-AKI was further investigated.
At present, the role of apoptosis in septic AKI remains controversial. Some studies have reported that apoptosis is involved in SA-AKI (24, 25) , while other studies have drawn the opposite conclusion (26, 27) . In our study, morphological assessment by renal tissue staining identified no significant renal tubular epithelial cell apoptosis. It has previously been documented that the kinase activity of RIP-1 is not required for apoptosis (28) , and there is no evidence showing that Nec-1, as an RIP-1 kinase inhibitor, can alleviate apoptosis. Therefore, we concluded that the protective effect of Nec-1 against SA-AKI may not have resulted from the suppression of apoptosis.
Although RIPs are involved in the regulation of nuclear factor-κB activation and inflammatory cytokine production, the kinase activities of RIP-1 and RIP-3 are not required for these effects (29, 30) . Hence, we speculated that the RIP-1 kinase inhibitor Nec-1 did not affect inflammatory cell responses induced by LPS.
In our previous study in a necroptosis model in renal tubular epithelial cells, an increased level of the autophagy marker LC3-II was identified, and Nec-1 treatment not only reduced renal tubular epithelial cell necroptosis, but also decreased the level of LC3-II (18) . Thus, we speculate that Nec-1 may protect against SA-AKI by affecting autophagy. Autophagy is a physiological reaction that occurs when cells are starved, stressed or injured. Autophagy enables starved cells to degrade and recycle cytoplasmic components as a survival mechanism, and removes damaged organelles in cases of intracellular injury (14) . The process of autophagy includes autophagosome formation, autolysosome formation by autophagosome and lysosome fusion, and degradation of the autolysosome contents (14) . Disruption in any one step can result in autophagy disorder. When the number of autophagosomes increases, the level of LC3-II increases. Additionally, when autolysosome formation or lysosome function are disrupted, the level of LC3-II increases due to reduced autophagosome elimination. Furthermore, it has been reported that the level of P62, which serves as a substrate for autophagy, was significantly increased with a decreased rate of autophagy (14) . Previous studies have indicated that the promotion of renal tubular epithelial cell autophagy may alleviate SA-AKI (15) (16) (17) , and that inhibition of either tubular epithelial cell autophagy initiation or autophagosome elimination may aggravate SA-AKI (31) (32) (33) . The results of the present study showed that both LC3-II and p62 increased during SA-AKI. However, when autophagy is increased, the corresponding increase in LC3-II should be accompanied by a decrease in p62. Thus, we speculate that during SA-AKI, the increase in LC3-II should not be attributed to increased autophagy, but to disrupted autophagosome elimination. By electron microscopy, it was observed that although the number of autophagosomes were notably increased during SA-AKI, no obvious autolysosomes were present, which was in line with the features of disrupted autophagosome elimination, and verified that disrupted autophagosome elimination was present during SA-AKI. Pretreatment with Nec-1 attenuated the LPS-induced increases in LC3-II and p62, and the formation of autolysosomes was also observed by electron microscopy. This result indicated that Nec-1 does not enhance autophagy initiation but improves autophagosome elimination. We therefore propose that Nec-1 exerts its protective effect in SA-AKI by promoting autophagosome elimination in renal tubular epithelial cells.
A previous study reported that basal autophagy was negatively regulated by RIP-1 (34) . RIP-1 activates extracellular signal-regulated kinase, which negatively regulates Transcription factor EB (TFEB) through phosphorylation of serine 142. The phosphorylation of TFEB has been shown to negatively regulate its transcriptional enhancement of autophagy and lysosomal genes. Therefore, we speculate that the stimulatory effect of Nec-1 on autophagosome elimination may be associated with increased TFEB phosphorylation. The mechanism by which Nec-1 promotes autophagosome elimination during SA-AKI will be investigated in future studies. In conclusion, the current study confirmed that Nec-1 improved renal function in mice with sepsis. The protective effect of Nec-1 in SA-AKI might not involve the suppression of necroptosis, but rather the promotion of autophagosome elimination in renal tubular epithelial cells.
